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Antibody, antigen, and glomerular capillary wall charge interactions:
Influence of antigen location on in situ immune complex formation. These
studies examined the charge interactions between the glomerular cap-
illary wall, antibody and antigen at different sites in the glomerulus.
Sheep IgG was separated into differently charged subclasses and
immunologically placed in one of two glomerular locations (subepithe-
hal or subendothelial) to serve as planted antigen. Single kidneys with
planted antigen were transplanted into uninephrectomized recipients
that received affinity—purified, cationic and anionic rat anti-sheep IgG
labelled with 125j and 131J respectively. Glomerular bound antibody was
determined and corrected for antibody delivery. Specificity of antibody
binding was confirmed by comparison of kidneys with or without
planted antigen. The results indicate that the influence of charge on
glomerular antibody binding depends on the site of the antigen. When
antigen was planted in the subepithelial space, significantly more (15 to
25%) cationic than anionic antibody bound despite the fact that the
antigen was cationic. Conversely, when the antigen was planted
subendothelially, significantly more anionic (13 to 22%) antibody bound
when the antigen was cationic, and significantly more cationic (7 to
16%) antibody bound when the antigen was anionic. Thus, the
negatively—charged glomerular filtration barrier retards the permeation
of anionic antibodies that complex with antigens located in the subepi-
thelial space, but antigen—antibody charge interactions appear to pre-
dominate when the antigen is more proximally located.
It is well known that the glomerular capillary wall contains
fixed negative charges which represent anionic sialoproteins
located on endothelial and visceral epithelial cell surfaces [1]
and heparan sulfate located along the laminae rara of the
glomerular basement membrane (GBM) [2, 3]. Additional stud-
ies have shown that these sites restrict the glomerular clearance
of negatively charged macromolecules and facilitate the perme-
ation of cationic macromolecules [4, 5].
The electrical charges of different classes and subclasses of
antibodies vary, as do such effector functions as complement
fixation and immune adherence [6]. Glomerular capillary wall
charge could therefore influence the types of antibodies that
gain access to glomerular antigens and hence determine the
mediation and nature of glomerular injury. Furthermore, this
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effect might be expected to differ according to the location of
the relevant antigen within the glomerulus, being maximal for
antigens located on the outer, subepithelial aspect of the GBM
and less marked, or absent, for those in the subendothelial
region.
Although glomerular capillary wall charge has been convinc-
ingly shown to favor the localization of highly cationized
antigens and consequent in situ immune complex formation
with circulating antibodies [7—9}, few studies have directly
examined the charge interaction between antibodies and the
glomerulus. The studies that have been done have yielded
apparently conflicting results [10—14]. The p1 range of anti-DNA
antibodies eluted from the kidneys of mice with murine lupus
was found to be restricted to the cationic range, in contrast to
the wider p1 range of serum anti-DNA antibodies [10, 11].
Likewise, Madaio et al eluted antibodies from glomeruli of rats
with experimental membranous nephropathy [12] and anti-
GBM nephritis [13]. When these antibodies, directed against
resident glomerular antigens, were injected into normal rats, an
increased glomerular binding of the eluted cationic antibodies
was noted [12, 13]. On the other hand, Adler et al, using
similarly isolated antibodies, could not find an effect of GBM
charge neutralization on antibody binding [14]. These latter
studies were handicapped by preparations of uncertain anti-
body content, specificity and affinity. In addition, since the
antigens were not fully characterized, the effect of antigen
charge on antibody binding was unknown.
In the current study, we took advantage of the fact that pure
sheep IgG can be separated into differently charged subclasses
[15] and can be immunologically fixed at different sites in the
glomerular capillary wall to serve as a planted, exogenous,
antigen. Using quantitative techniques, the in vivo binding of
differently charged, affinity—purified rat antibody preparations
with defined affinity for sheep IgG was measured using antigen
placed in one of two glomerular locations, By transplanting
antigen—containing kidneys into naive recipients, complex for-
mation of subsequently infused antibody with residual circulat-
ing antigen was minimized. This insured that virtually all
circulating antibody was available for binding to the planted
antigen in situ. The results demonstrate a clear charge interac-
tion between antibody, glomerular capillary wall and antigen,
which differs according to the location of the antigen.
649
650 Feintzeig et al
Methods
Preparation of planted antigens
y2 sheep anti-rat FxJA (Sh A-Rt FxJA). Rat proximal tubular
brush border antigen (Fx1A) was isolated from fresh rat renal
cortices using the method of Edgington, Glassock and Dixon
[161 and emulsified in complete Freund's adjuvant (CFA) (Difco
Laboratories, Detroit, Michigan, USA). A sheep was hypenm-
munized monthly using 75 to 100 mg of rat Fx1A over a four
month period. The non-complement activating y2 subclass of
sheep IgG antibody (Ab) was isolated from a 50% ammonium
sulfate precipitate of heat inactivated (56°C, 30 mm) whole
sheep serum by ion-exchange chromatography on DEAE-
Sephacel (Pharmacia Fine Chemicals, Inc., Piscataway, New
Jersey, USA) using a 0.0175 M sodium phosphate buffer, pH 7.4
as previously described [15]. The y2 fraction was eluted in the
void volume, concentrated to approximately 11 mglml in an
Amicon PM-30 ultrafilter (Amicon Corp., Scientific Systems
Division, Lexington, Massachusetts, USA) and stored at —70°C
until used. Purity and specificity were assessed by im-
munoelectrophoresis [17] and micro-Ouchterlony immunodiffu-
sion [18] in 1% agarose gels against rabbit anti-sheep IgG (N. L.
Cappel Laboratories Inc., Cochranville, Pennsylvania, USA),
whole rat serum and rat FxIA. In pilot studies, 8 to 10mg of this
y2 Sh A-Rt Fx1A given intravenously to male, Sprague Dawley
(SD) rats (CDR, Charles River Breeding Laboratories,
Wilmington, Massachusetts, USA) weighing approximately 220
g failed to produce proteinuria. Direct immunofluorescence and
electron microscopy confirmed the presence of granular GBM
deposits of sheep IgO and small, subepithelial electron-dense
deposits using techniques and reagents previously described
[15, 19].
y2 and yl sheep anti-rat GBM (Sh A-RT GBM). Rat glomeruli
were isolated by differential sieving of rat renal cortices [20] as
previously described [211 and contained fewer than one tubular
element per 100 glomeruli. Glomeruli were lyophilized and
emulsified in CFA. A sheep was hyperimmunized using 75 mg
monthly over four months. Serum was collected, heat inacti-
vated (56°C, 30 mm) and absorbed extensively with rat red
cells, platelets, white blood cells, Sepharose-absorbed rat se-
rum and rat Fx1A isolated as above. The y2 subclass of sheep
IgG was isolated from a 50% ammonium sulfate precipitate of
whole sheep serum by ion-exchange chromatography on
DEAE-Sephacel as described above. It was concentrated to 10
mg/mI by Amicon PM-30 ultrafiltration and absorbed two times
(4°C, 12 hr) with lyophilized rat Fx1A at an IgG:Fx1A ratio of
4-6:1 (wtlwt). FxlA was removed by centrifugation at 78680 G
at 4°C and the absorbed IgG was applied to a size calibrated
Sephacryl-200 (S-200, Pharmacia Fine Chemical, Inc.) column
to obtain monomeric IgG which was stored at —70°C until used.
Purity and specificity were assessed by immunoelectrophoresis
and micro-Ouchterlony immunodiffusion as detailed above. In
pilot studies, various doses of 72 Sh A-Rt GBM were given
intravenously to 190 to 200 g male, SD rats to determine a
subnephritogenic dose. At a dose of 4 mg there was no
proteinuria, and direct immunofluorescence of renal biopsies
confirmed the presence of linear GJ3M deposits of sheep IgG
without evidence of complement fixation. In vitro complement
fixation using methods previously described [151 was also
negative. The isoelectric points (p1) of y2 Sh A-Rt GBM were
determined by analytical isoelectric focusing (IEF) using meth-
ods described below.
The yl subclass of Sh A-Rt GBM was eluted from DEAE-
Sephacel by a linear NaC1 gradient to 0.15 M and pooled
separately. It was concentrated in an Amicon PM-30 ultrafilter
to approximately 23 mg/ml and stored at —70°C until used.
Purity and specificity were assessed by immunoelectrophoresis
and micro-Ouchterlony as above. In pilot studies, various doses
of yl Sh A-Rt GBM were given intravenously to 190 to 200 g
male, SD rats to determine a subnephritogenic dose. At a dose
of 2 mg there was minimal proteinuria (11 mg124 hr). Im-
munofluorescence of renal biopsies confirmed linear GBM
deposition of sheep IgG. In rats, given a larger dose to induce
proteinuria, there was no tubular brush border staining for
sheep IgG confirming the absence of reactivity with Fx1A. The
p1's of yl Sh A-Rt GBM were determined by analytical IEF.
Preparation and characterization of rat anti-sheep IgG
(RtA-Sh IgG)
Male, SD rats were hyperimmunized over a ten week period
with repeated injections of purified sheep IgG (Miles Laborato-
ries, Inc., Elkhart, Indiana, USA) initially subcutaneously in
CFA, later in incomplete-Freund's adjuvant and finally intrave-
nously in phosphate buffered saline (PBS) 0.02 M, pH 7.2.
Serum was collected and heat inactivated (56°C, 30 mi. Rt
A-Sh IgG was obtained from a 50% ammonium sulfate precip-
itate of Rt A-Sh IgG serum by affinity chromatography using y2
Sh IgG coupled to activated Sepharose 4B CNBr (Pharmacia
Fine Chemicals, Inc.) as recommended by the manufacturer.
An increasing linear gradient of NaSCN up to 3.0 M was used to
elute the Rt A-Sh IgG that was arbitrarily combined into five
sequential pools. These were concentrated to approximately 0.6
mg/mi by vacuum dialysis against PBS in coilodion bags
(Schleicher and Schuell, Inc., Keene, New Hampshire, USA)
and tested for avidity as described below.
The pool of Rt A-Sh IgG eluted by 0.5 to 0.95 M NaSCN had
the greatest avidity for Sh IgG and was further characterized
and purified as follows. Purity and specificity were assessed by
immunoelectrophoresis and micro-Ouchterlony immunodiffu-
sion against rabbit anti-rat whole serum (Miles Laboratories),
yl and y2 Sh IgG. It was dialyzed against deionized—distilled
water (DDW) and dissolved in a slurry of 2% ampholytes (pH
range 3.5 to 10.0, LKB Instruments Inc., Rockville, Maryland,
USA) and granulated dextran gel (Ultrodex, LKB Instruments
Inc.). Flat bed preparative IEF was then performed at 10°C with
eight watts constant power using an LKB 2117 Multiphor, 2209
thermostatic circulation and 2197 power supply. The
electrofocus was terminated after 19 hr and a fractionating grid
was placed on the gel. The surface pH of each section was
measured using an Ingold surface electrode (Cat. no. 6134,
Ingold Electrodes, Inc., Andover, Massachusetts, USA) and a
Corning model 12 pH meter (Corning Scientific Instruments,
Medfield, Massachusetts, USA). Individual sections of gel were
transferred to columns and eluted with PBS. Eluates from gel
sections with a surface pH of 3.51 to 6.31 were pooled into an
anionic antibody fraction (An Ab) and those with a surface pH
of 6.76 to 8.80 were pooled into a cationic antibody fraction (Cat
Ab). Each Ab was concentrated and dialyzed in separate
collodion bags against PBS to remove the carrier ampholytes.
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To determine the charge of each Ab at physiologic pH, the
relative mobility of each was measured by im-
munoelectrophoresis against rabbit anti-rat whole serum. The
electrophoresis was performed at 50 volts constant voltage, for
1 hr, in a 1% agarose gel dissolved in a barbital sodium buffer,
pH 7.4 using a veronal—HCL buffer, pH 7.4 electrophoresis
solution. Analytical IEF, after radioactive iodination, was
performed on each Ab for 1.5 hr at 10°C and 8 watts constant
power on 1 mm 5% polyacrylamide gels containing 2.4%
ampholytes, pH range 3.5 to 9.5 (PAG plates, LKB Instruments
Inc.). pH measurements were made directly from the surface of
the gel in relation to a calibrated template grid and the gel was
fixed and stained. Gels were allowed to air dry. Audioradi-
ography was performed using preexposed ifim, an enhancing
screen (Cornex, E. I. duPont de Nemours and Co.,
Wilmington, Delaware, USA) and incubation at —70°C [22, 23].
pH determinations were made by relating stained gels or
autoradiographs directly to the calibrated template. Bovine
serum albumin fraction V (Miles Laboratories) and bovine
pancreatic a-chymotrypsin (Sigma Chemical Co., St. Louis,
Missouri, USA) were also included as controls.
The An and Cat Abs were radioiodinated with ''i and 125!
respectively using methods previously described [21, 24]. Pre-
cipitation of the final preparations with 10% trichloroacetic acid
(TCA) showed that 98% of the 131j and 96% of the 1251 was
protein bound. The specific activities of the An and Cat Abs
were approximately 3 x iO and approximately 1 x 106 cpm/g
of Rt A-Sh IgG respectively. The protein concentrations of
purified preparations of rat and sheep IgG were determined by
light absorption at 0D280 (E1% = 14).
Affinity testing. Agarose was dissolved in either a sodium
barbital buffer, pH 8.2 or in PBS, pH 7.4. At each pH, 1%
agarose gel reverse radial immunodiffusion (RID) plates [25—271
were then poured containing 50 j.tl of a 1 mglml solution of
either 72 Sh IgG, or yl Sh IgG. Five microliter aliquots of serial
dilutions of known concentration of Cat and An Ab were
pipetted, in duplicate, into 3 mm wells on a single plate. Plates
were incubated at 4°C for 72 hr, washed, stained with Amido
Black and destained with an 8% solution (vol/vol) of 10% acetic
acid in methanol. Diameters of immunoprecipitin circles were
measured using a calibrated Bausch-Lomb hand lens. Immuno-
precipitin diameters (D) were squared to reflect immunopre-
cipitin area and plotted versus Ab concentration for each Ab.
Best fit lines were calculated using the least squares method and
the correlation coefficient determined by standard methods
[28]. The slopes of the lines were then compared as a measure
of relative antigen-Ab avidity [29] using the Student's t test [281.
Experimental protocol
The experimental model used was similar to one previously
described [19, 30]. Subnephritogenic doses of sheep IgG di-
rected against rat glomerular antigens were injected into 220 to
280 g, male, SD rats and served as planted antigens. Single
kidneys with planted antigens were then transplanted into
uninephrectomized, 220 to 300 g, male SD rats using techniques
previously described in detail [19]. Twenty-four hr later, equal
amounts of radiolabeled An and Cat rat Abs directed against
sheep IgG were injected.
Three experimental groups of animals, defined by the site of
the planted antigen, were studied along with a transplant
control group. The remaining contralateral native kidneys of the
recipients also served as controls.
The doses of antigen shown below were selected on the basis
of pilot studies. Using the protocol described above, antigen
doses were adjusted to achieve identical quantities of planted
antigen at sacrifice 48 h after transplantation (planted Sh A-Rt
Fx1A: 8.4 0.73, pg/kidney, N = 5; planted Sh A-Rt GBM: 8.9
1.26 pg/kidney, N = 5, P = 0.5).
Group I. Six donor rats were given y2 Sh A-Rt Fx1A, 6.2 mg
i.v., to plant cationic antigen in the subepithelial space. Three
days were allowed for adequate glomerular binding [21] prior to
transplantation.
Group II. Four donor rats were given y2 Sh A-Rt GBM, 0.64
mg i.v., to plant cationic antigen in the GBM. Two days were
allowed for stabilization of glomerular binding [31, 32] prior to
transplantation.
Group III. Four donor rats were given yl Sh A-Rt GBM, 0.64
mg i.v., to plant anionic antigen in the GBM. Transplantation
was performed two days after injection.
Group IV. Two rats received no sheep IgG and served as
donors for transplantation.
All recipients received equal amounts of labelled Cat and An
Ab intravenously one day after transplantation. Doses of each
varied from 9 to 30 g. Blood was obtained from the retroorbital
plexus of each animal at 0.5, 1, 2, 4, 8 and 24 hr after injection.
The concentration of each Ab in g/ml was calculated from
the radioactivity of 100 .d of rat blood (corrected for decay,
background and TCA precipitabiity) divided by the specific
activity for the radiolabelled IgG preparation. The percent TCA
precipitability was determined for all blood samples from four
rats and the means found to be 95.8 3.2% for the 1311 labelled
An Ab and 95.3 1.2% for the 125J labelled Cat Ab. Since
nearly all counts were protein bound and since there was no
statistically significant difference between the two fractions,
TCA precipitability was not performed on the blood from the
remaining animals. The initial concentration of Ab in the blood
was calculated from the administered dose divided by the rat
blood volume (estimated at 7% of body weight [33]). The
disappearance curve for each Ab, in each rat was constructed
and the integrated area under the curve calculated. All rats were
given 0.005 g/l00 ml KI and 0.45 g/100 ml NaCl in their drinking
water to block thyroid uptake and facilitate urinary excretion of
free 125J and 1311. Twenty-four hours after injection of labelled
Cat and An Ab, kidneys were removed, glomeruli isolated and
glomerular bound Ab quantitated according to methods previ-
ously described in detail [21]. Since glomerular Ab binding has
previously been shown to be directly correlated with Ab
concentration and delivery [12—14], the glomerular bound Ab
per kidney was corrected for Ab delivery. Ab delivery was
defined as the integrated area under the Ab disappearance curve
multiplied by renal plasma flow. Glomerular bound Cat Ab was
compared to glomerular bound An Ab by calculating the
following ratio:
Glomerular Cat Ab/Cat Ab delivery
Glomerular An Ab/An Ab delivery
Since renal plasma flow in any one kidney is the same for Cat
652 Feintzeig et a!
Table 1. Characterization of reagents
a Immunoelectrophoresis (IEP) performed versus rabbit anti-whole sheep serum and rabbit anti-sheep IgG
appropriate
b Indirect immunofluorescence on normal rat kidney
C Proximal convoluted tubule brush border (BB)
Direct immunofluorescence of rat kidney following in vivo injection
Produced two immunoprecipitin lines
No immunoprecipitin lines produced
g Not applicableIi No staining
'Positive staining
Glomerular Cat Ab/area Cat Ab curve
Glomerular An Ab/area An Ab curve
Significance of differences between the amount of Cat and An
Ab bound in each group was evaluated by Student t test for
paired data {28]. The calculated ratios were compared to an
expected ideal ratio of 1:1.
Results
Characterization of reagents
Table 1 summarizes the purity and specificity of the reagents
used. The ranges of isoelectric points (p1) of the various planted
sheep IgG preparations were as follows: y2 Sh A-Rt Fx1A 8.10
to 9.60; 72 Sh A-Rt GBM 8.38 to 9.04; 71 Sh A-Rt GBM 5.39 to
7.27.
The electromobility of the An and Cat Rt A-Sh Igu Abs on
immunoelectrophoresis can be seen in the upper panel of Figure
1. Although there is some overlap, the appropriate charge
difference between the two Abs is demonstrated by the migra-
tion of the An Ab towards the anode and the Cat Ab towards the
cathode. Autoradiographs of the An Ab and Cat Ab after
analytical IEF can be seen in the lower panel of Figure 1. The
p1 of the An Ab is 4.95 to 6.68 with the majority appearing to be
between 5.52 to 6.30. The p1 of the Cat Ab is 5.92 to 7.84 with
the majority appearing to be between 6.68 to 7.69.
Table 2 shows the relative antigen-Ab avidity of the Cat and
An Abs for the cationic and anionic antigens as determined by
reverse RID. In all cases there was a highly significant linear
relationship between immunoprecipitin area and Ab concentra-
tion (1? = 0.96 to 0.99). The values shown in Table 2 represent
the slopes of those resulting lines. At pH 8.2, the Cat and An
Abs have virtually the same relative avidity for the cationic, 72
Sh IgG antigen. Similarly, the relative avidities of the Cat and
Fig. 1. Charge characteristics of rat antisheep IgG. Affinity purified,
cationic and anionic IgG fractions of rat antisheep IgG were subjected
to immunoelectrophoresis at pH 7.4 (top) and, after radioiodination, to
analytical isoelectric focusing (bottom). Most of the anionic antibody
focused between p1 5.52—6.30 and migrated towards the anode whereas
the majority of the cationic antibody focused between p1 6.68 to 7.69
and migrated cathodally. Note the overlap in both charge and
electromobility of the two fractions.
An Abs for the cross-reacting, anionic, yl Sh IgG antigen at pH
8.2 are virtually identical to each other but are substantially less
than their avidity for y2 Sh IgG.
In contrast, at pH 7,4, the avidity assay for the cationic
antigen demonstrates that the slope of the An Ab line is greater
than that of the Cat Ab line (Table 2). This difference (Cat:An
0.85:1) is of borderline statistical significance (0.05 <P <0.10).
This indication of antigen-Ab charge reciprocity in vitro is also
seen in the avidity assay for the anionic antigen at pH 7.4. Here
the slope of the Cat Ab line is greater than the slope of the An
Ab line (Cat:An = 1.17:1) although this difference is not
statistically significant.
Reagents
Purity
IEPC
Specificity
Immuno-
diffusion vs.
rat Fx1A
IEP vs. rat
serum
IEP vs.
sheep serum
In vitro
GBM
IFb
BBC
In vivo IF"
GBM BB
y2 sheep pure IgG + .__ NM + —
anti-rat Fx1A (granular)
y2 sheep pure IgO — faint NA + — + —
anti-rat GBM I globulin (linear) (linear)
yI sheep mostly IgG — faint NA + — + —
anti-rat GBM trace a and f3 globulin fi globulin (linear) (linear)
rat anti- pure IgG NA NA yl and y2 NA NA — —
sheep IgG sheep IgG
only
or rabbit anti-whole rat serum as
and An Abs, this ratio simplifies to: Anionic AS
er'.!_tv S -. - Anode
_________
Ala-
Cationic AG
p1 9.0 8.0 7.0 6.0 5.0
I I I I I
Anionic AG
Cationic AB
4.0
-n
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Table 2. Relative antigen—antibody aviditya
Antigen pHb
Antibodyc
Cat
anti-Sh
IgGd
An
anti-Sh
IgGe
Cat/An
anti-Sh
IgG
72 Sh IgG
(Cationic)
yl Sh IgG
(Anionic)
y2 Sh IgG
(Cationic)
yl Sh IgG
(Anionic)
8.2
8,2
7.4
7.4
81.36
41.55
49.94
23.77
82.48
4O.72
5745S
2O.24
0.99
1.02
0.85
1.17
avidity as measured by reverse radiala Relative antigen-antibody
immunodiffusion (RID)
b pH of buffer in the reverse RID assay
Values represent the slopes of the lines relating immunoprecipitin
diameter2 to antibody concentration
d Cationic fraction of rat anti-sheep IgG
e Anionic fraction of rat anti-sheep IgG
Not significantly different than cationic Ab (t-test)
g Greater than cationic Ab (P < 0.1; t—test)
Location of planted antigens
Electron microscopy of kidneys containing y2 Sh A-Rt Fx1A
showed electron-dense deposits exclusively located in the sub-
epithelial space, both before and after transplantation into
recipients passively immunized with Rt A-Sh IgG as previously
described [19, 30]. In contrast, kidneys containing yl Sh A-Rt
GBM had no visible electron densities prior to transplantation.
However, after transplantation into recipients passively immu-
nized with Rt A-Sh IgG, electron-dense deposits became appar-
ent in the laminae rara (especially the subendothelial region of
the laminae rara interna). These findings are identical to those
recently published with y2 Sh A-Rt GBM [30].
Glomerular Ab binding to planted cationic subepithelial
antigen. Glomerular bound Ab, the integrated blood concentra-
tion of the Cat and An Abs, and the ratio of glomerular bound
Cat Ab/delivery:An Ab/deivery for transplants with planted
cationic subepithelial antigen and native kidneys are shown in
Table 3 and Figure 2. The ratios of glomerular bound Cat
Ab/delivery:An Ab/delivery are significantly higher (P < 0.001)
than 1:1 in the transplanted kidneys containing the planted
subepithelial antigen. Thus, there is a 15 to 25% increase in the
amount of glomerular bound Cat Ab compared to An Ab at
equivalent rates of Ab delivery. Ab specifically bound to
glomeruli of transplanted kidneys represents 5.4 to 8.0% of the
administered dose.
The ratios of glomerular bound Cat Ab/delivery:An
Ab/delivery in native kidneys, without planted antigen, are not
significantly different from 1:1, reflecting equal relative amounts
of glomerular bound Cat and An Ab. The amount of glomerular
bound Ab in the native kidneys is only 2.1 to 5.2% of the
glomerular bound Ab in the paired transplanted kidneys.
Glomerular Ab binding to planted cationic GBM antigen.
Table 4 and Figure 2 show the same data for transplanted
kidneys with the planted cationic GBM and their native kidney
controls. The transplanted kidneys have significantly lower (P
< 0.005) ratios of glomerular bound Cat Ab:An Ab than 1:1
Table 3. Quantitative data for transplant and native kidneys in the
cationic subepithelial planted antigen group
Integrated
Rat Kidney
concentrationa
Cationic Anionic
Glomerular Abb
Cationic Anionic
G Cat Ab/
G An AbC
1 TXd
,j.g/ml/24h
3.533 3.698
pg/kidney
0.621 0.543 l.l9O:l.O
2 Tx 3.910 3.929 0.651 0.565 l.l58:l.O
3 Tx 6.990 7.328 1.104 0.980 l.l8l:l.0
4 Tx 6.868 7.098 1.303 1.100 l.224:l.0
5 Tx 6.403 6.660 1.510 1.360 l.lSS:l.O
6 Tx 8.550 8.738 1.360 1.117 l.244:l.O
1 Ne 3.553 3.698 0.028 0.028
2 N 3.910 3,929 0.024 0.024 1,Ø051,Ø
3 N 6.990 7.328 0.036 0.039 0.968:l.0
4 N 6.868 7.098 0.030 0.032 0.969:l.O
5 N 6.403 6.660 0.032 0.037 0•9001,Q
6 N 8.550 8.738 0.038 0.039 Q•9661,Ø
Integrated concentration determined by the area under the serum
disappearance curves for 1251 cationic and 1311 anionic rat anti-sheep IgG
over 24 hr
b Glomerular bound antibody measured 24 hr after injection of 1251
cationic and 131j anionic rat anti-sheep IgG
Ratio of glomerular bound 1251 cationic rat anti-sheep IgG to I31J
anionic rat anti-sheep IgG each corrected for delivery as determined
from the integrated concentration
d Kidney transplanted with planted cationic sheep IgG in subepithe-
hal space
Remaining native kidney without planted sheep IgG
Ratio significantly greater than 1.0 (P < 0.001) by paired Student's
test
Ratio not different than 1.0 (P > 0.1) by paired Student's t test
despite correction for antibody delivery. This represents a 13 to
22% relative increase in the amount of glomerular bound An Ab
over Cat Ab. The glomeruli of transplanted kidneys bound 11.4
to 20.8% of the injected Ab dose.
The ratios of glomerular bound Cat Ab/delivery:An Abide-
livery in the native kidneys are also significantly (P < 0.05) less
than 1:1. When the amount of glomerular bound Cat and An Ab
in each native kidney is subtracted from the corresponding
value in its paired transplant kidney, there remains a signifi-
cantly (P < 0.005) increased amount of glomerular bound An
Ab compared to Cat Ab, each factored for delivery, in the
transplant kidneys. This reflects the fact that glomeruli of native
kidneys bound only 3.0 to 5.4% of the amount Ab deposited in
the corresponding transplanted kidneys.
Glomerular Ab binding to planted anionic GBM antigen. The
quantitative data for the group transplanted with the planted
anionic GBM antigen and their native kidney controls is shown
in Table 5 and Figure 2. The transplanted kidneys have signif-
icantly higher (P < 0.01) ratios of glomerular bound Cat
Ab/delivery:An Ab/delivery than 1:1. This represents a 7 to
16% relative increase in glomerular bound Cat Ab. The
glomeruli of transplanted kidneys bound 10.9 to 15.9% of the
administered dose of Ab.
The ratios of glomerular bound Cat Abidelivery:An
Ab/dehivery are not significantly different that 1:1 in the native
kidneys and the amount of glomerular bound Ab is 3.3 to 6.3%
of that in the transplanted kidneys.
Control animals without planted antigen. In the control
group transplanted without a planted antigen, transplant and
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0.5
.
I
Pc 0.001 Pc 0.005 Pc 0.01
Group 1 Group II Group III
Fig. 2. The ratio of glomerular bound cationic to anionic antibody, each
corrected for delivery, in the transplanted kidneys from the three
experimental groups. Transplanted kidneys contained cationic subepi-
thelial planted antigen (group I), cationic subendothelial planted antigen
(group II), or anionic subendothelial planted antigen (group III). The
ratios are compared to an ideal ratio of 1:1 (solid line).
Table 4. Quantitative data for transplant and native kidneys in the
cationic GBM planted antigen group
Integrated
Rat Kidney
concentrationa
Cationic Anionic
Glomerular Abb
Cationic Anionic
0 Cat Ab/
0 Mt
I Txd
ag/ml/24h
7.660 8.585
sgI kidney
2.745 3.761 0.8l8:l
2 Tx 7.120 8.793 2.529 3.593 O.869:ff
3 Tx 13.830 14.488 4,240 5.552 0.800:ff
4 Tx 13.163 13.100 3.409 4.337 0.782:l
I Ne 7.660 8.585 0.109 0.164 0.745:l
2 N 7.120 8.793 0.076 0.127 O.739:ff
3 N 13.830 14.488 0.196 0.285 0,720;1f
4 N 13.163 13.100 0.161 0.233 0.688:1
a Integrated concentration determined by the area under the serum
disappearance curves for 1251 cationic and 131J anionic rat anti-sheep IgO
over 24 hr
I? Glomerular bound antibody measured 24 hr after injection of 125!
cationic and 151! anionic rat anti-sheep IgG
c Ratio of glomerular bound 125! cationic rat anti-sheep IgO to 131J
anionic rat anti-sheep IgO each corrected for delivery as determined
from the integrated concentration
d Kidney transplanted with planted cationic sheep IgO in the OBM
Remaining native kidney without planted sheep IgG
Ratio significantly less than 1.0 (P < 0.005) by paired Student's
t-test
Table 5. Quantitative data for transplant and native kidneys in the
anionic GBM planted antigen group
Integrated
Rat Kidney
concentrationa
Cationic Anionic
Olomerular Abb
Cationic Anionic
0 Cat Ab/
G An Ab
I Tx"
sg/ml/24h
7.453 9.298
pg/kidney
2.409 2.800 i.o73:i
2 Tx 11.698 16.395 3.283 3.952 1.164:1
3 Tx 12.063 15.935 3.615 4.271 l.ll8:l
4 Tx 11.513 14.578 4.312 4.763 l.146:ff
I Nt 7.453 9.298 0.110 0.141
2 N 11.698 16.395 0.179 0.248 1011
3 N 12.063 15.935 0.200 0.269 O.982:1
4 N 11.513 14.578 0.141 0.169 1.056:P
a Integrated concentration determined by the area under the serum
disappearance curves for 125! cationic and ''1 anionic rat anti-sheep IgG
over 24 hr
b Glomerular bound antibody measured 24 hr after injection of 125J
cationic and u'1 anionic rat anti-sheep IgG
Ratio of glomerular bound 125j cationic rat anti-sheep IgO to ''I
anionic rat anti-sheep IgO each corrected for delivery as determined
from the integrated concentration
"Kidney transplanted with planted anionic sheep Igo in the GBM
Remaining native kidney without planted sheep IgO
tRatio significantly greater than 1.0 (P C 0.01) by paired Student's
test
g Ratio not different than 1.0 (P> 0.1) by paired Student's t test
Discussion
The role of the charge interaction between the glomerular
capillary wall and circulating charged antigens in determining
the formation of immune deposits and their location within
glomeruli has now been well established [7—9, 34—36]. Less well
studied are the charge interactions between the glomerular
capillary wall, antibody and antigen located at different sites
within the GBM. That is the focus of the current study.
Our results demonstrate a small, but highly significant, influ-
ence of glomerular capillary wall charge on binding of antibod-
ies to an immunologically planted antigen located on the outer,
subepithelial, aspect of the GBM. Thus, cationic antibodies
demonstrated 15 to 25% more binding than anionic antibodies
despite the fact that the planted antigen was, itself, positively
charged. This finding is even more remarkable considering the
lower relative avidity of cationic antibody for cationic antigen at
physiologic pH and the small difference in the charges of the
two groups of antibodies. Conversely, when the antigen is
immunologically planted on the more proximal, subendothelial,
side of the GBM, a significant effect of antigen charge on
glomerular antibody binding is seen. In this location, anionic
antigen was associated with 7 to 16% more binding of cationic
than anionic antibody. In contrast, in this same location,
cationic antigen was associated with a 12 to 20% increase in
anionic antibody binding compared to cationic antibody bind-
ing. Thus, glomerular capillary wall charge would seem to be
less important than antigen charge in determining antibody
binding in the subendothelial region of the glomerular capillary
wall.
In explanation of this latter finding, we envisage that signili-
cant amounts of antigen lie proximal to the majority of anionic
glomerular capillary wall sites. This hypothesis is supported by
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native kidneys bound less than 0.01% of the administered dose
of Cat and An Ab. The amount of glornerular bound Cat Ab and
An Ab were equal in all cases.
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our own current and previous [30] ultrastructural studies of anti
GBM—containing kidneys transplanted into immunized recipi-
ents. These show electron densities in the laminae rara of the
GBM, especially the lamina rara interna, and confirm the
observations of other investigators using tracer techniques to
define the location of circulating anti-GBM antibodies [37, 38].
Therefore, antibody penetration to a subendothelial antigen
would be less restricted by charge, allowing antigen—antibody
charge interactions to be defined. In this regard, previous
studies have suggested that charge considerations can affect the
antigen—antibody relationship. Sela and Mozes immunized rab-
bits with a variety of antigens and found that the net charge of
an antigen influenced the immune response in favor of the
production of oppositely charged antibodies [39]. In addition,
this effect could be demonstrated to be independent of the
antigen—antibody combining site [39]. These findings were
confirmed by Benacerraf et al who also showed that charge
considerations similarly affected the measured binding affinity
of antibodies to antigen [40]. In keeping with these observa-
tions, our reverse RID assay, when performed at pH 7.4,
showed a trend toward higher relative avidity for the antibody
whose charge was opposite that of the antigen. Although these
differences did not quite reach statistical significance, they are
qualitatively similar to the results found in vivo and their
magnitude could explain the apparent antigen—antibody charge
interaction seen in vivo. Evidence that the in vitro differences in
avidity seen at physiological pH were truly charge related is the
identical avidity of the cationic and anionic antibodies for both
antigens at pH 8.2. At this pH, both antibodies are negatively
charged, and the effect of antibody charge on avidity is the same
for each antibody fraction.
Other potential explanations for the predominant binding of
anionic antibody to cationic anti-GBM include disruption or
neutralization of the glomerular charge barrier. These seem less
likely since proteinuria was absent, even after larger doses of y2
anti-GBM, and greater binding of anionic antibody implies
reversal of charge polarity rather than neutralization. The
possibility that the cationic anti-GBM might have added posi-
tive charges to the GBM is the subject of further investigation.
The results of the native (nontransplanted) recipient kidneys
are also of interest. The amount of antibody that bound to
glomeruli of native kidneys in recipients of antigen—containing
transplants was small (less than 1% of the administered dose) by
comparison to the amount that bound to the grafted kidneys (5
to 20% of the administered dose). It was an order of magnitude
greater, however, than the binding to glomeruli of transplant
(and native) kidneys of recipients of kidneys that contained no
planted antigen. This implies that some antigen must have
dissociated from the transplants and relocated, together with
antibody, in the native kidneys. Whether the association of
antigen and antibody occurred in the circulation or in situ
cannot be determined from these results. In groups I and III,
this resulted in an equal amount of Cat and An Ab bound to the
native kidney. However, in group II, native kidneys like their
transplanted counterparts, bound a greater amount of An than
Cat Ab. The reason for this is unclear. In any event, the
magnitude of this phenomenon was sufficiently small not to
have influenced the significance of the binding data in the
antigen—containing, transplanted kidneys.
As discussed above, interpretation of the results of these
studies relies heavily on our ability to reliably compare the
avidities of the cationic and anionic antibody fractions for sheep
IgG. Measurement of the affinity of polyclonal antibody prep-
arations for nonhaptenic antigens is notoriously difficult. Using
fluid-phase radioimmunoassay techniques and various plots of
bound and free antigen [41], one is able to obtain, at best, an
approximation of the average association constant [42]. In this
study we therefore used an immunodiffusion technique that
provided a comparison of the relative avidity of each antibody
for a given antigen in a single assay. The technique was based
on data from both quantitative immunoelectrophoresis and
radial immunodiffusion systems in which it has been shown that
the relative avidity of antibody for antigen is reflected by the
slope of the line, relating immunoprecipitin area to antigen
concentration [29, 43]. To conserve antibody, we employed a
reverse radial immunodiffusion system, previously shown to
obey the same laws governing conventional radial immunodif-
fusion [25—27]. The validity of this system in our hands was
confirmed by an increase in the slope of the lines obtained with
successive fractions of antibody eluted by increasing concen-
trations of NaSCN. This was true of all fractions of antibody
except those eluted by the highest concentration of chaotrope.
This phenomenon has been observed by others [41] and is
possibly related to distortion of the antigen combining site of
the expected high—avidity antibodies. In addition, as would be
predicted, at both pH 8.2 and 7.4 the slope of the line generated
by the antibody fraction selected for these studies and the
antigen used to affinity purify it (y2 sheep IgG) was substantially
greater than that obtained with the cross-reacting antigen (yl
sheep IgG) (Table 2). To avoid using damaged antibodies in
these studies we selected the fraction with the greatest slope.
This was further fractionated according to charge and then
reanalyzed. Since the slopes and y intercepts of the straight
lines generated with cationic and anionic antibodies at pH 8.2
were virtually identical, selective degradation of one or the
other fraction during isolation was excluded. The design of
these experiments also incorporated a control for the influence
of antibody delivery to the kidneys. This was necessary be-
cause we [12, 13] and others [8, 14] have previously shown that
glomerular antibody binding is highly correlated with the deliv-
ery and concentration of circulating antibody, and because it is
impossible to govern the extrarenal clearance of different cir-
culating antibody preparations.
In conclusion, our results indicate that the influence of charge
on glomerular antibody binding is dependent on the site of the
antigen. When the antigen is located distally in the capillary
wall, as in the subepithelial space, more cationic than anionic
Ab binds. This most likely reflects the influence of the net
negative charge of the glomerular capillary wall. This is not
surprising since antibody must traverse areas which contain
significant anionic sites and deposit in areas proximate to
additional anionic sites. These considerations appear to out-
weigh any potential antigen—antibody charge interaction. When
the antigen is located in a more proximal location, as in the
subendothelial space, different considerations appear to domi-
nate. If the antigen is cationic more anionic antibody binds. If
the antigen is anionic more cationic antibody binds. In this
location, glomerular capillary wall charge appears to be less
important and antigen-antibody charge interaction more impor-
tant in influencing glomerular antibody binding. Therefore, the
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charge relationships that influence the binding of antibodies to
fixed or planted antigens are complex. They can not be readily
predicted from the charges of antibody and the capillary wall
alone but also require a knowledge of the location and charge of
the antigen. This may help explain the apparent conificting
results of previous studies [10—14] and the variable effect of
glomerular charge neutralization on immune deposition in dif-
ferent model systems [14, 36].
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